Abstract: Six orogenic gold deposits constitute the Yangshan gold belt in the West Qinling Orogen. Gold is mostly invisible in solid solution or in the sulfide lattice, with minor visible gold associated with stibnite and in quartz-calcite veins. Detailed textural and trace-element analysis of sulfides in terms of a newly-erected paragenetic sequence for these deposits, together with previously published data, demonstrate that early magmatic-hydrothermal pyrite in granitic dike host-rocks has much higher Au contents than diagenetic pyrite in metasedimentary host rocks, but lower contents of As, Au, and Cu than ore-stage pyrite. Combined with sulfur isotope data, replacement textures in the gold ores indicate that the auriferous ore-fluids post-dated the granitic dikes and were not magmatic-hydrothermal in origin. There is a strong correlation between the relative activities of S and As and their total abundances in the ore fluid and the siting of gold in the Yangshan gold ores. Mass balance calculations indicate that there is no necessity to invoke remobilization processes to explain the occurrence of gold in the ores. The only exception is the Py 1-2 replacement of Py 1m , where fluid-mediated coupled dissolution-reprecipitation reactions may have occurred to exchange Au between the two pyrite phases.
Introduction
Gold commonly has a complex distribution in gold deposits [1, 2] . The gold that occurs in the structure of common sulfide minerals, or as discrete inclusions smaller than 100 nm, is referred to as 'invisible gold' [3] . Worldwide, pyrite and arsenopyrite are the most common hosts for invisible gold in gold deposits [4] [5] [6] . The other most common occurrence of gold is in the form of visible native gold, normally as distinct inclusions or filling fractures within these sulfide minerals [7] [8] [9] [10] [11] [12] , but also less commonly as nuggety gold in quartz veins. In orogenic gold systems, invisible gold within sulfides is normally followed by later visible gold [13] [14] [15] [16] . Some authors have suggested that the visible native gold was remobilized from the invisible gold in sulfides [7, 14, [17] [18] [19] [20] , but it is unclear how gold could be first precipitated in pyrite and then become soluble in that pyrite, without transformation to pyrrhotite, and subsequently be re-precipitated from essentially the same ore fluid just a short distance away in the same ore zone [20] . In addition to this uncertainty, factors controlling the distribution of 
Deposit Geology
The deposits of the Yangshan gold belt are mainly hosted by Devonian phyllite and Triassic granitic dikes. Among the six gold deposits in the Yangshan gold belt, the Anba gold deposit hosts more than 90% of the gold resources in the district. However, all the deposits in the gold belt have similar geological and mineralogical characteristics [50, 51] .
Ore bodies in the gold belt are structurally controlled by the three splays (F1, F2, and F3) of the Anchanghe-Guanyinba Fault ( Figure 2 ). Some of the ore bodies are also controlled by competency contrasts along contact zones between granitic dikes and phyllite ( Figure 3a ) [37] . 
Ore bodies in the gold belt are structurally controlled by the three splays (F1, F2, and F3) of the Anchanghe-Guanyinba Fault (Figure 2) . Some of the ore bodies are also controlled by competency contrasts along contact zones between granitic dikes and phyllite (Figure 3a ) [37] . 
Ore bodies in the gold belt are structurally controlled by the three splays (F1, F2, and F3) of the Anchanghe-Guanyinba Fault (Figure 2) . Some of the ore bodies are also controlled by competency contrasts along contact zones between granitic dikes and phyllite (Figure 3a ) [37] . diagenetic pyrite (Py0) has a framboidal or colloform texture and is disseminated in the metasedimentary host rocks. Hydrothermal mineralization is divided into an early ore-stage (Py1-quartz), a main ore-stage (Py2-Apy2-quartz-sericite), and a late ore-stage (Py3-Apy3-stibnite-native gold-calcite-quartz). Pyrite is rare in the post-ore-stage quartz-calcite veins [37] . The alteration developed in the deposits is dominated by silicification, carbonation, sulfidation, and sericitization (Figure 3e) . Gold is mostly invisible in solid solution or in the sulfide lattice, with minor visible gold associated with stibnite [36] . 
Analytical Techniques
Determination of mineral paragenesis was complemented by petrological work under transmitted and reflected light, and SEM. Based on careful examination of the mineral paragenesis, a suite of eight samples of pyrite from the granitic dikes (Table 1) was selected for LA-ICP-MS analyses at the U.S. Geological Survey, Denver, USA. Six samples are from the Anba gold deposit, and one sample each from the Guanyinba and Nishan gold deposits (Table 1) , which are located to the east and west of Anba, respectively ( Figure 2 ). These three deposits are considered representative of the Yangshan gold belt. Grey-green equigranular to porphyritic granitic dikes include granite, plagioclase granite, granite porphyry, and plagioclase granite porphyry, which are Major ore minerals in the gold belt include pyrite, arsenopyrite, and stibnite. Disseminated ores in phyllite or granitic dikes are the dominant ore type, with minor pyrite-arsenopyrite quartz veins, stibnite-bearing quartz veinlets, and quartz-calcite veins (Figure 3b-f) [36, 37, 52] . The diagenetic pyrite (Py 0 ) has a framboidal or colloform texture and is disseminated in the metasedimentary host rocks. Hydrothermal mineralization is divided into an early ore-stage (Py 1 -quartz), a main ore-stage (Py 2 -Apy 2 -quartz-sericite), and a late ore-stage (Py 3 -Apy 3 -stibnite-native gold-calcite-quartz). Pyrite is rare in the post-ore-stage quartz-calcite veins [37] . The alteration developed in the deposits is dominated by silicification, carbonation, sulfidation, and sericitization ( Figure 3e ). Gold is mostly invisible in solid solution or in the sulfide lattice, with minor visible gold associated with stibnite [36] .
Determination of mineral paragenesis was complemented by petrological work under transmitted and reflected light, and SEM. Based on careful examination of the mineral paragenesis, a suite of eight samples of pyrite from the granitic dikes (Table 1) was selected for LA-ICP-MS analyses at the U.S. Geological Survey, Denver, USA. Six samples are from the Anba gold deposit, and one sample each from the Guanyinba and Nishan gold deposits (Table 1) , which are located to the east and west of Anba, respectively ( Figure 2 ). These three deposits are considered representative of the Yangshan gold belt. Grey-green equigranular to porphyritic granitic dikes include granite, plagioclase granite, granite porphyry, and plagioclase granite porphyry, which are common to all three deposits. The primary minerals in the dikes are plagioclase, quartz, and biotite, which are commonly altered to sericite, chlorite, epidote, and clays. The LA-ICP-MS analyses on pyrite were conducted on a Photon Machines Analyte G2 193 nm laser ablation system attached to a Perkin Elmer ELAN DRC-e ICP-MS. Laser ablation ICP-MS methods for pyrite are based on [26, 53] . Both 15-and 30-micron diameter laser spots were used for the analyses. A laser fluence of 2 J/cm 2 and frequency of 5 Hz were used for the analyzed spots. Helium was used as a carrier gas. Calibration was conducted using the USGS MASS-1 sulfide reference material run five to ten times at the beginning of each session, following the procedures of [54] and using Fe as the internal standard element [26] . Concentration calculations were carried out using off-line data processing following the equations of [54] . The MASS-1 reference material was run periodically to monitor for drift. During these analytical sessions, drift was less than five percent for all elements. A stoichiometric value of 46% Fe was used for the LA-ICP-MS concentration calculations. Detection limits were calculated as three times the standard deviation of the blank [54] and are shown in Table  S1 . Data were examined for the presence of mineral inclusions or zoning recorded in the time resolved spectra as deviations from a stable signal (e.g., [26, 53] ). Because some data are below the detection limits of the analytical techniques, corrections are necessary for the incorporation into the statistical method. Data qualified with a "less than" value were replaced with 0.7 times the detection limit.
Textures of Pyrite and Mineral Paragenesis
Core-rim zonation is common in pyrite from deposits in the Yangshan gold belt, with the earlier-formed Py 0 and Py 1 as the core, and the main ore-stage Py 2 as the rim of the pyrite [36, 37] . In this study, a more detailed analysis of pyrite textures improves paragenetic understanding of the deposits from the Yangshan gold belt.
Partial Dissolution Textures of Py 1m
To distinguish different Py 1 cores, the Py 1 hosted by the granitic dikes is named Py 1m and Py 1 from metasedimentary rocks is named Py 1s . Besides the normal core-rim texture formed by Py 1m and Py 2 , the partial dissolution texture of Py 1m is recognized in this study. The inner Py 1m core has been partially replaced and overgrown by a Py 2 rim and formed a new pyrite generation (Py 1-2 ), which has a brighter response in BSE images than Py 1m and is therefore distinguishable from Py 1m and Py 2 in such images. Furthermore, Py 1-2 retains the shape of Py 1m through pseudomorphic replacement (Figure 4a-h) .
from metasedimentary rocks is named Py1s. Besides the normal core-rim texture formed by Py1m and Py2, the partial dissolution texture of Py1m is recognized in this study. The inner Py1m core has been partially replaced and overgrown by a Py2 rim and formed a new pyrite generation (Py1-2), which has a brighter response in BSE images than Py1m and is therefore distinguishable from Py1m and Py2 in such images. Furthermore, Py1-2 retains the shape of Py1m through pseudomorphic replacement (Figure 4a-h) . 
Complex Textures within Py 2
Within the traditional main ore-stage Py 2 , an irregular bright pyrite band (a few micrometres wide) with As enrichment is recognized in BSE images. The pyrite within the bright band is named Py 2a and the pyrite exterior to it is named Py 2b (Figure 4c,d; Figure 5a -h). Fine-grained arsenopyrite is located around the bright band, whereas relatively coarse-grained prismatic arsenopyrite is paragenetically associated with Py 2b (Figure 5a-h ). 
Complex Textures within Py2
Within the traditional main ore-stage Py2, an irregular bright pyrite band (a few micrometres wide) with As enrichment is recognized in BSE images. The pyrite within the bright band is named Py2a and the pyrite exterior to it is named Py2b (Figure 4c,d; Figure 5a -h). Fine-grained arsenopyrite is located around the bright band, whereas relatively coarse-grained prismatic arsenopyrite is paragenetically associated with Py2b (Figure 5a-h ). 
Mineral Paragenesis
Recognition of the pseudomorphic replacement texture between Py1 and Py2, and the bright band with arsenopyrite enrichment within Py2, leads to the improvement of the paragenetic sequence diagram of the Yangshan gold belt ( Figure 6 ). The multiple generations of pyrite from early diagenesis through the peak-to post-ore-stage, as well as trace-element evolution of the sulfides during the pre-to main-ore-stage described below, indicate more complicated ore-forming processes than were previously supposed to exist in the Yangshan gold belt. 
Recognition of the pseudomorphic replacement texture between Py 1 and Py 2 , and the bright band with arsenopyrite enrichment within Py 2 , leads to the improvement of the paragenetic sequence diagram of the Yangshan gold belt (Figure 6 ). The multiple generations of pyrite from early diagenesis through the peak-to post-ore-stage, as well as trace-element evolution of the sulfides during the
pre-to main-ore-stage described below, indicate more complicated ore-forming processes than were previously supposed to exist in the Yangshan gold belt. 
Trace Element Compositions of Pyrite and Arsenopyrite
As there is only minor pyrite in the diagenetic, late-, and post-ore stages, and their geochemistry is summarized by [36] , the geochemistry of newly recognized Py1m, Py1-2, Py2a, and Py2b from the pre-and main-ore stage mineralization is emphasized in this paper (Table 1) . A total of 119 LA-ICP-MS spot analyses were completed on various pyrite generations from Yangshan. A total of nine elements were analysed and interpreted in this study: Ag, As, Au, Bi, Co, Cu, Ni, Pb, and Sb. The pyrite results, together with Apy2b and stibnite data from [37] , are given in Table S1 and elemental variation is presented in Figure 7 . Representative pyrite textures and geochemistry within single pyrite grains are shown in Figures 8 and 9 . 
As there is only minor pyrite in the diagenetic, late-, and post-ore stages, and their geochemistry is summarized by [36] , the geochemistry of newly recognized Py 1m , Py 1-2 , Py 2a , and Py 2b from the preand main-ore stage mineralization is emphasized in this paper (Table 1) . A total of 119 LA-ICP-MS spot analyses were completed on various pyrite generations from Yangshan. A total of nine elements were analysed and interpreted in this study: Ag, As, Au, Bi, Co, Cu, Ni, Pb, and Sb. The pyrite results, together with Apy 2b and stibnite data from [37] , are given in Table S1 and elemental variation is presented in Figure 7 . Representative pyrite textures and geochemistry within single pyrite grains are shown in Figures 8 and 9 . [21] . The trace-element concentrations are from Table S1 , or calculated using 0.7 times mdl (minimum detection limit) values for all measurements <mdl. [21] . The trace-element concentrations are from Table S1 , or calculated using 0.7 times mdl (minimum detection limit) values for all measurements <mdl. The line in (a) is the inferred solubility limit of gold in arsenian pyrite [21] . The trace-element concentrations are from Table S1 , or calculated using 0.7 times mdl (minimum detection limit) values for all measurements <mdl. (Table S1 ). Although there is considerable variation, the As and Au contents in Py1-2, Py2a, and Py2b are higher than Py1m (Figures 7a and 10 ; Table S1 ), as also shown by the As and Au contents of single pyrite grains ( Figures. 8 and 9 ). Py1-2 has the highest Au content compared with Py1m, Py2a, and Py2b (Figures 9 and 10 ). There is a decreasing trend of Au contents from Py1-2, through Py2a, to Py2b ( Figure 10 ; Table S1 ). Py2b has the highest As, Cu (median 347 ppm), and Sb (median 67.5 ppm) contents compared to Py1m, Py1-2, and Py2a ( Figure 10 ; Table S1 ). (Table S1 ). Although there is considerable variation, the As and Au contents in Py 1-2 , Py 2a , and Py 2b are higher than Py 1m (Figures 7a and 10 ; Table S1 ), as also shown by the As and Au contents of single pyrite grains (Figures 8 and 9 ). Py 1-2 has the highest Au content compared with Py 1m , Py 2a , and Py 2b (Figures 9 and 10 ). There is a decreasing trend of Au contents from Py 1-2 , through Py 2a , to Py 2b ( Figure 10 ; Table S1 ). Py 2b has the highest As, Cu (median 347 ppm), and Sb (median 67.5 ppm) contents compared to Py 1m , Py 1-2 , and Py 2a ( Figure 10 ; Table S1 ). (Table S1 ). Although there is considerable variation, the As and Au contents in Py1-2, Py2a, and Py2b are higher than Py1m (Figures 7a and 10 ; Table S1 ), as also shown by the As and Au contents of single pyrite grains ( Figures. 8 and 9 ). Py1-2 has the highest Au content compared with Py1m, Py2a, and Py2b (Figures 9 and 10 ). There is a decreasing trend of Au contents from Py1-2, through Py2a, to Py2b ( Figure 10 ; Table S1 ). Py2b has the highest As, Cu (median 347 ppm), and Sb (median 67.5 ppm) contents compared to Py1m, Py1-2, and Py2a ( Figure 10 ; Table S1 ). (Table S1 ). Cobalt and Ni contents broadly parallel Pb and Bi, but there is lower Co and Ni in Py [1] [2] (Figures 7 and 10 ; Table S1 ).
The Au-As correlation becomes weaker from early Py 1m , through Py 1-2 and Py 2a , to Py 2b (Table S2 ). For Py 1-2 , there is a strong positive correlation between Au and Cu, which is unique among all pyrite stages (Table S2) . Cobalt and Ni contents show a positive correlation among all pyrite generations (Figure 7b ; Table S2 ). Lead and Bi in Py 2a and Py 2b have a strong positive correlation compared with that of the same elements in Py 1 and Py 1-2 ( Figure 7c ; Table S2 ).
As summarized in [37] , the Au content of Apy 2b ranges from <0.046 to 1205 ppm (median 15.4 ppm, average 143 ppm), whereas the Au content of late ore-stage stibnite ranges from 0.02 to 0.42 ppm (median 0.08 ppm, average 0.12 ppm).
Discussion

Invisible and Visible Gold in the Gold Ores
Py 1m within granitic dike host-rocks has a low Au content (<0.39~54 ppm, median 3.7 ppm), which is lower than the Au values in later generations of pyrite, but is higher than the gold values in diagenetic pyrite in phyllite (median 0.32 ppm; [37] ). The δ 34 S values of pyrite cores (Py 1m in this study) in granitic dikes from the Yangshan gold belt have a very limited range from 0 to 1.3 , consistent with a magmatic-hydrothermal origin [55] . Similar magmatic-hydrothermal pyrite from the Wallaby gold deposit in Western Australia has median gold values of 0.35 ppm, with individual spot data as high as 78 ppm [56] . LA-ICP-MS analysis also shows that gold contents range from <0.03 to 2.1 ppm in the magmatic-hydrothermal cores of pyrites in syenite from the Chang'an gold deposit, China [57] .
The magmatic-hydrothermal Py 1m has lower contents of As, Au, and Cu than ore-stage pyrite, but the values are higher than the As, Au, and Cu contents in other magmatic-hydrothermal pyrites described by [56, 57] . The contrast in element patterns between Py 1m and ore-stage pyrites, combined with their erratic, more negative δ 34 S values [50, 58] , indicate that the auriferous ore-fluids were not magmatic-hydrothermal in origin. Considering the sharp contact between Py 1m and Py 1-2 , and the low metamorphic grade in the region, the replacement textures clearly shown by Py 1-2 raise the possibility that the enhanced Au values of Py 1m resulted from fluid-mediated coupled dissolution-reprecipitation reactions [17, 20, 24, 32, 59, 60] .
According to the flotation test report, the contents of pyrite, arsenopyrite, and stibnite in the primary ores are 2.02%, 0.93%, and 0.18%, respectively [61] . Based on observations under the microscope, the contents of Py 0 , Py 1s , Py 1m , Py 1-2 , Py 2a , Py 2b , Apy 2b , and stibnite in the ores are estimated to be 0.005%, 0.005%, 0.005%, 0.005%, 1.5%, 0.5%, 0.93%, and 0.18%, respectively. Using the average gold contents of pyrite, arsenopyrite, and stibnite from each ore stage (0. 26 Table S1 ) [37] , the invisible gold contained in sulfide in one tonne of ore is calculated to be 1.3 × 10 −5 g, 5.9 × 10 −4 g, 4.1 × 10 −5 g, 5.3 × 10 −3 g, 1.05 g, 0.18 g, 1.33 g, and 2.2 × 10 −4 g for Py 0 , Py 1s , Py 1m , Py 1-2 , Py 2a , Py 2b , Apy 2b , and stibnite, respectively. Clearly, Py 2a , Py 2b , and Apy 2b are the only significant contributors to the gold budget. The total invisible gold locked in the structures of pyrite, arsenopyrite, and stibnite in one tonne of ore is 2.57 g. As 83.73% of gold is located in sulfides with 16.27% as visible gold that is enclosed in other minerals [61] , there is 0.50 g native gold in one tonne of ore. Therefore, there is a calculated 3.07 g gold in one tonne of ore. The calculated gold grade is lower than the reported average gold grade (4.76 g/t) [62] , which may be caused by the limited number of arsenopyrite samples in this study. In previous studies of Yangshan gold deposits, arsenopyrite has been shown to have Au contents as high as 4719 ppm (average 2073 ppm) [63] . This average is about 15 times greater than that of this study. Using the average Au content in [63] would add 18 g Au to the total gold budget, which would clearly exceed the known gold grade. The true Au content of arsenopyrite must lie between that of [63] and this study, but closer to this study.
Controls on the Distribution of Invisible and Visible Gold
The replacement of Au-As-poor Py 1 by Au-As-rich Py 2 and the formation of As-Au-rich Py [1] [2] indicate that the pre-ore magmatic-hydrothermal Py 1m became unstable and was partially replaced during ingress of the auriferous ore fluid, with Py 1-2 rimming the Py 1m cores and tending to form crystal shapes. No arsenopyrite was developed in this stage to compete with pyrite for Au distribution, leading to the high Au concentrations in Py 1-2 , which was then overgrown by Py 2a, b .
The bright pyrite band between Py 2a and Py 2b in BSE images, which is the reaction front of replacement [17] , has a high As content (Figure 8 ), indicating that the ore fluid evolved to be As-rich during the late main-ore stage. Py 2b has the highest As content, but the lowest Au content, of all main ore-stage pyrites, consistent with its very low Au-As correlation coefficient (Table S2 ). This is due to the fact that Au preferentially entered the lattice of arsenopyrite that was intimately intergrown with Py 2b , as also shown by [51] . Py 2b contains more Sb than Py 1m , Py 1-2 , and Py 2a , which indicates Sb enrichment during the late main ore-stage. Once stibnite formed in the absence of pyrite or arsenopyrite, there was no suitable host for invisible gold and free gold was deposited in cracks or on grain surfaces of the earlier-formed sulfides, as also described by [36, 37] .
The physicochemical parameters of ore formation in the Yangshan gold belt are estimated as follows. Based on the micro-thermometry of primary fluid inclusion, the mineralization temperatures of the main ore-stage and late ore-stage were 288~300 • C, and 271~288 • C, respectively [51, 52] . The sulfur fugacity during the main ore-stage at the Yangshan gold belt can be estimated to have been 10 −10.3~1 0 −11.1 , which is similar to the calculated sulfur fugacity (10 −10.4 ) based on the As contents in arsenopyrite [51] . The sulfur fugacity during the late ore-stage is estimated to have been 10 −13.5~1 0 −11.1 ( Figure 11 ). Temperature and sulfur fugacity are two important factors controlling the stability of stibnite [64, 65] . During the main ore-stage, pyrite and arsenopyrite precipitated at temperatures between 288 and 300 • C, and the majority of gold occurred within the lattices of pyrite and arsenopyrite. The precipitation of pyrite and arsenopyrite reduced the concentration of available reduced sulfur in the ore fluid. During the late ore-stage, the temperature decreased to 271~288 • C and the sulfur fugacity to 10 −13.5~1 0 −11.1 , leading to the decrease of antimony solubility and precipitation of stibnite and native gold [64, 66] . [67] . Orange represents the stability field of main-ore stage pyrite and arsenopyrite, and red represents the stability field of late ore-stage stibnite. As-arsenic, Asp-arsenopyrite, Lo-loellingite, Orp-orpiment, Po-pyrrhotite, Py-pyrite, Rl-realgar, S-sulfur, Sb 0 -native antimony, Stb-stibnite.
Conclusions
The textural and geochemical characteristics of sulfides indicate multiple pulses of evolving hydrothermal fluids, with As becoming more abundant and S species less abundant with time until cessation of the main ore-stage. Arsenian pyrite was the dominant host for invisible gold until arsenopyrite became a common ore mineral and became the main host for invisible gold. Only once both pyrite and arsenopyrite ceased to be deposited did free gold become the dominant gold phase. There is thus a strong correlation between the relative activities of S and As and their total abundances in the ore fluid and the siting of gold in the Yangshan gold ores. Mass balance calculations indicate that there is no necessity to invoke remobilization processes to explain the occurrence of either invisible or visible gold in the ores. The only exception is for the Py1-2 replacement of Py1m, where fluid-mediated coupled dissolution-reprecipitation reactions may have occurred to exchange Au between the two pyrite phases.
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